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Effect of dangling chains on the structure and physical
properties of a tightly crosslinked poly(ethylene glycol)
network†
Babak Radi, R. Mark Wellard and Graeme A. George*
Major imperfections in crosslinked polymers include loose or dangling chain ends that lower the crosslink
density, thereby reducing elastic recovery and increasing the solvent swelling. These imperfections are hard
to detect, quantify and control when the network is initiated by free radical reactions. As an alternative
approach, the sol–gel synthesis of a model poly(ethylene glycol) (PEG-2000) network is described using
controlled amounts of bis- and mono-triethoxy silyl propyl urethane PEG precursors to give
silsesquioxane (SSQ, R–SiO1.5) structures as crosslink junctions with a controlled number of dangling
chains. The effect of the number of dangling chains on the structure and connectivity of the dried SSQ
networks has been determined by step-crystallization differential scanning calorimetry. The role that
micelle formation plays in controlling the sol–gel PEG network connectivity has been studied by
dynamic light scattering of the bis- and mono-triethoxy silyl precursors and the networks have been
characterized by 29Si solid state NMR, sol fraction and swelling measurements. These show that the
dangling chains will increase the mesh size and water uptake. Compared to other end-linked PEG
hydrogels, the SSQ-crosslinked networks show a low sol fraction and high connectivity, which reduces
solvent swelling, degree of crystallinity and the crystal transition temperature. The increased degree of
freedom in segment movement on the addition of dangling chains in the SSQ-crosslinked network
facilitates the packing process in crystallization of the dry network and, in the hydrogel, helps to
accommodate more water molecules before reaching equilibrium.
Introduction
Crosslinked polymeric networks such as elastomers and
hydrogels need to show resistance to active environments
including solvent swelling and complex modes of deformation.
In hydrogels such as crosslinked poly(ethylene glycol) (PEG) the
network structure controls the degree of swelling and uptake of
active agents in applications such as drug delivery. The
networks can be formed by radical polymerization of di-func-
tional monomers, post-polymerization crosslinking or by end-
linking reactions of precursors of dened molecular weight.
Only the latter method can, theoretically, give a precisely
controlled crosslink density. All crosslinked polymers invariably
contain network imperfections consisting of dangling chain
ends and loose or slack chains.1,2 According to Martin et al.,2 the
dangling chains act as a network defect and decrease crosslink
density depending on the number and length of these dangling
chains. This decrease in the crosslink density leads to reduced
mechanical properties3 as well as greater swelling of the
network in an active solvent environment. In an amorphous
polymer network such as a vulcanized elastomer, the number of
dangling chains leads to an increase in the relaxation time1,2
and poor elastic recovery. Control of the number and type of
dangling chains can lead to useful properties and Park et al.4
and Lutz et al.5,6 showed that crosslinked networks with
different ratios of 2-(2-methoxyethoxy)ethyl and oligo-(ethylene
glycol) as dangling chains can exhibit a lower critical solution
temperature (LCST) and thermo-responsive behaviour at
different temperatures. In this way the temperature at which
phase separation occurs can be controlled by the concentration
of dangling chains.
In free-radical networks, the dangling chains are oen
formed when one end of a di-functionalized crosslinking chain
does not undergo reaction.2,3,7–9 This arises during network
formation when the crosslink reactions are incomplete10 and
some functional groups remain unreacted. Gilra and Cohen
noted that the number of dangling chains depends only on the
polymer chain length and it is independent of the rate of the
crosslink reaction.11 Peppas et al.3 suggested the longer poly-
mer chains formed coils around the functional groups at the
ends of the chain,12–14 resulting in reduced reactivity. The
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probability of the functional groups reacting also decreases
due to reduced diffusivity. In free radical polymerization,
viscosity increase causes reduced macro-radical diffusion and
trapping in the network.15 This is caused by auto-deceleration,
which is a decrease in the rate of polymerization once the
macro-monomers and macro-radicals become mobility-
restricted.16–20
Ward and Peppas et al.3 synthesized poly(methacrylic acid)
graed with PEG to produce dangling chains of different length.
The network properties were characterized by swelling
measurements and mechanical properties of the swollen
network. They found that the dangling chains decreased the
mechanical properties and the longer dangling chains inhibited
network polymerization. Peppas and Klier.21 showed that
radical formation of networks with PEO dangling chains had
limitations. All PEO precursor (methacrylate PEG methyl ether)
could not be attached and incorporated into the network as
dangling chains. Consequently this produced a high sol fraction
and uncertainty in the percentage of the incorporated dangling
chains in the nal network product. 13C NMR showed that this
radical reaction limitation increased when the methacrylate
PEG methyl ether chains became longer. This is consistent with
their hypothesis that due to random coil formation, the longer
chain has a reduced chance of being attached on the polymer
network as a dangling chain.21
Here we describe a method of PEG network synthesis such
that, unlike free radical reactions, the dangling chains have
minimum effect on the crosslinking reaction so the number of
dangling chains and their effect on the network properties may
be studied. The network is formed by a sol–gel reaction to give
silsesquioxane (SSQ, R–SiO1.5) structures as crosslink junc-
tions. This synthesis method produces different dangling
chains depending on the ratio of bis- to mono-triethoxy silyl
precursors. In our previous research we demonstrated the
synthesis of a crosslinked PEG polymer through variation of
the sol–gel chemistry conditions, such as pH and amount of
water present during the reaction, which formed different sil-
sesquioxane structures.22 That method has been applied here
to synthesize a series of networks with different percentages of
dangling chains in crosslink structures that are characterized
with 29Si solid state nuclear magnetic resonance spectroscopy
(NMR). A key feature of the synthesis is micelle formation
which has been studied by opacity of the PEG precursor solu-
tions and dynamic light scattering (DLS). The stability of the
tightly crosslinked networks has been characterized by sol
fraction and swelling measurements. The dry networks were
analyzed by step-crystallization DSC (SC-DSC) to show the
effect of dangling chains on the crystal transition temperature
and percentage crystallinity as well as connectivity of the
network.
Experimental section
Materials
Poly(ethylene glycol) (PEG, Mw ¼ 2000 g mol1) and poly-
(ethylene glycol) methyl ether (PEO, Mw ¼ 2000 g mol1) were
purchased from Sigma-Aldrich. They were dried by azeotropic
distillation with toluene under an ultra high purity argon
blanket. 3-(Triethoxysilyl)propyl isocyanate (95%) and 1,4-dia-
zabicyclo-[2.2.2]octane (triethylenediamine) (99%) were
purchased from Sigma-Aldrich. Toluene (HPLC grade) was
purchased from Burdick & Jackson and hydrochloric acid (32%)
was purchased from Univar as analytical grade. The
deionized water was puried by a USF Elga (Maxima SC)
deionizer system.
Synthesis of bis(triethoxy silyl propyl urethane) PEG-2000 and
triethoxy silyl propyl urethane PEO-2000
To synthesize bis(triethoxy silyl propyl urethane) PEG-2000
[Fig. 1(a)], the dry poly(ethylene glycol) of Mn ¼ 2000 g mol1 (5
g, 2.5 mmol) was dissolved in 125 mL of toluene and a 20%
molar excess (based on PEG hydroxyl group concentration) of 3-
(triethoxysilyl)propyl isocyanate (1.5 mL, 6 mmol) was added
under argon ow, together with triethylenediamine (100 mg) as
catalyst.22,23 The solution was stirred for 40 hours under argon at
85 C. Solvent was removed by rotary evaporation and high
vacuum, followed by sublimation of any remaining catalyst.
Fourier transform infrared (FT-IR), 13C NMR, 1H NMR, 2D
proton-carbon HSQC NMR and 29Si NMR spectra were recorded
from the product as reported elsewhere.22
To synthesize triethoxy silyl propyl urethane PEO-2000
[Fig. 1(b)], PEG methyl ether (PEO) was used instead of PEG and
all procedures were the same as those described for the
synthesis of the bis(triethoxy silyl propyl urethane) PEG-2000,
with the exception that the amount of 3-(triethoxysilyl)propyl
isocyanate was halved (0.75 mL, 3 mmol). The product was
analyzed by Fourier transform infrared (FT-IR), 13C NMR, 1H
NMR and 29Si NMR spectroscopy.
Fig. 1 Reaction for synthesis of the precursors (a) bis(triethoxy silyl propyl
urethane) PEG and (b) triethoxy silyl propyl urethane PEO.
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Synthesis of silsesquioxane (SSQ) crosslinked PEG network
with different numbers of PEO dangling chains by a sol–gel
reaction
For synthesis of PEG networks with different percentages of
dangling chains (0%: DC0, 1%: DC1, 5%: DC5, 10%: DC10, 15%:
DC15, 20%: DC20 and 100%: DC100, star polymer), mixtures of
bis(triethoxy silyl propyl urethane) PEG-2000 and triethoxy silyl
propyl urethane PEO-2000 were reacted through a sol–gel reaction
to form a SSQ. The percentage of dangling chains was changed by
decreasing the amount of bis(triethoxy silyl propyl urethane) PEG
and adding the same amount of triethoxy silyl propyl urethane
PEO to keep the total amount constant (Table 1).
The mixture of precursors was dissolved in methanol (0.15 g,
0.19 mL) in polypropylene sample tubes with caps. The solu-
tions were agitated in the ultrasonic bath for 5 min. to make the
solutions homogenous, before the samples were heated, open,
at 50 C for about 6 hours to evaporate the solvent. Deionized
water (0.15 mL, 8.3 mmol) was added to all sample tubes and
they were kept at 38 C overnight. Hydrochloric acid solution
(0.1 M, 0.15 mL) was added to each sample tube then the caps
were tightened and the solutions were extensively shaken to
synthesize homogeneous networks. The tubes were held over-
night at 45 C and 24 hours at 50 C for further reaction under
saturated humidity conditions and samples were then dried by
removing the tube caps at 50 C for 6 hours before being held
under vacuum at 60 C for 48 hours to post-cure. 29Si solid state
CP/MAS NMR spectroscopy was used to determine the SSQ
structures (T0, T1, T2 and T3)22 and connectivity in the dry
networks that were synthesized with different concentrations of
dangling chains.
Swelling studies
Standard methods were used to determine the sol fraction and
percentage swelling at equilibrium in water. These are
described elsewhere.22
Step-crystallization differential scanning calorimetry (SC-DSC)
Small quantities of the dry polymer (2–4 mg) were sealed in
aluminium DSC pans for analysis on a TA Instrument (DSC
Q100) under a nitrogen ow of 40 mL min1. In running step
crystallization DSC,22 the samples were equilibrated at 100 C
for 5 minutes, then rapidly cooled to 60 C and equilibrated for
30 minutes at this temperature. In subsequent steps the
temperature decreased by 4 C and the samples were kept in an
isothermal condition for 30minutes. The cooling process ended
at 30 C. The samples were equilibrated at 80 C and were
then heated to 100 C at 5 C min1 to record the thermogram.
FT-IR spectra
ATR-IR spectra of polymer products were obtained using a
diamond ATR cell on a Nicolet Nexus 870 spectrometer. The
sample was run for 64 scans with resolution 4 cm1.
Dynamic light scattering
Measurements were made on a Malvern Zetasizer Nano-S
instrument with 633 nm laser source in back scattering mode.
The precursors (Fig. 1) were dissolved in ltered water (0.45 mm
pore size) and measured in 1 cm polystyrene cuvettes. The
instrument cell was equilibrated at 25 C for 30 minutes prior to
each experiment. Positioning, attenuation and number of scans
(12 to 16) were automatically adjusted by the instrument so-
ware. Each sample was run four times.
13C NMR, 1H NMR, and 2D proton-carbon HSQC NMR
The NMR spectra of products were recorded on Varian-MR NMR
spectrometer, operating at 400 MHz for hydrogen, using a 5 mm
AUTOX probe. The samples were dissolved in chloroform-d1 at a
concentration of 50 mg mL1. NMR tubes were treated with
Sigmacote SL2 (Sigma Aldrich) to remove all Si–OH groups.
29Si solid-state NMR
1H decoupled solid-state 29Si cross polarized (CP)/magic angle
spinning (MAS) NMR spectra were recorded on a Varian 400-MR
NMR spectrometer with a 5 mm CPMAS probe, operating at
79.43 MHz for silicon. Spectra, referenced to tetramethylsilane
(TMS), were recorded with the tancpx pulse sequence in a 5 mm
silicon nitride rotor spinning at 3.5 kHz. Spinal decoupling was
used with a contact time of 3 ms. A sample temperature of 298 K
was used and 25 000 transients were recorded with 2000 data
points over a spectral width of 500 ppm using a recycle time of 1
s and an acquisition time of 0.0495 s. Spectra were processed by
MestReC soware.
Results and discussion
Synthesis of PEG networks with different dangling chain
concentrations through sol–gel chemistry
Network formation through sol–gel chemistry of PEG-silane
precursors is well established and the parameters that can
control the nal structure (silsesquioxane or silica) are pH,
Table 1 Quantities of reagents used for the synthesis of PEG networks with different concentrations of dangling chains
Sample name PEG-2000 precursor (mg) PEO-2000 precursor (%, wt) Si/H2O (molar ratio) Water (mL) 0.1 M HCl (mL)
DC0 250 0%, 0 mg 0.0130 0.15 0.15
DC1 247.5 1%, 2.5 mg 0.0129 0.15 0.15
DC5 237.5 5%, 12.5 mg 0.0127 0.15 0.15
DC10 225 10%, 25 mg 0.0125 0.15 0.15
DC15 212.5 15%, 37.5 mg 0.0122 0.15 0.15
DC20 200 20%, 50 mg 0.0119 0.15 0.15
DC100 0.0 100%, 250 mg 0.0065 0.15 0.15
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temperature, solvent, water, ratio between water and Si etc.22,24–29
Formation of SSQ with different structures can alter the
connectivity of the PEG networks.22 In this study all the
parameters of the sol–gel chemistry that can control the SSQ
structures were kept constant in all samples, except the molar
ratio between Si and water which changed with the ratio
between bis(triethoxy silyl propyl urethane) PEG (functionality
of six) and triethoxy silyl propyl urethane PEO (functionality of
three) to make different concentrations of dangling chains.
Silsesquioxane structural control through micelle formation
There are a number of structural advantages in using an acid-
catalysed sol–gel synthetic approach. The most obvious is that
the Mc (molecular weight between crosslinks) is xed by the
bis(triethoxy silyl propyl urethane) PEG precursor. This is
because homo-polymerization cannot take place as supported
by 29Si NMR measurements, which showed that very few T1
structures were formed.22 In addition, due to micelle forma-
tion30 during synthesis,31 SSQ formation does not depend on the
diffusion of macromonomers. The concentration of the
precursor in the synthesis of the networks (Table 1) is very high
(45%). At this concentration PEG-2000 is totally water soluble
but the bis(triethoxy silyl propyl urethane) PEG-2000 precursor
is not.
Micelle formation will occur at this concentration due to
amphiphilic behavior where both ends of the precursor are
slightly hydrophobic (due to triethoxy silyl propyl end groups)
compared to the hydrophilic chain (PEG). This is shown sche-
matically in Fig. 2 for the mono- and bis-silyl precursors.
The silsesquioxane formation takes place through a sol–gel
reaction initially at the micelle/water interface that contains,
and is stabilized by, the attached PEG chains that act as an
emulsier. This is analogous to the hydrolysis/condensation
reaction of tetraethoxy silane (TEOS) in the presence of surfac-
tant where the hydrophobic TEOS reacts at the micelle inter-
face, leading to formation of hollow silica spheres.32 To better
understand micelle formation both polymer solution opacity
and dynamic light scattering (DLS) as a supportingmethod have
been employed. Micelle formation was inferred from the
opacity of the aqueous solution of the precursor, in contrast to
the totally transparent aqueous solution of the neat PEG with
the same size and concentration. It has been reported that
silane precursor systems such as these are stable at neutral pH
for several days,33 so opacity does not result from incipient
reaction leading to phase separation. Micelle formation in PEG
macromonomers has been observed previously31 and resulted
in a high local concentration of the reactive hydrophobic acry-
late groups in the micelles which were connected by the
hydrophilic PEG chains.34 A similar situation is believed to be
occurring with both the bis(triethoxy silyl propyl urethane) PEG
and triethoxy silyl propyl urethane PEO in this study.
The micelle formation studies were carried out in 50 wt%
aqueous solutions of PEG-2000, bis(triethoxy silyl propyl
urethane) PEG-2000 and triethoxy silyl propyl urethane PEO-
2000. This is very close to the concentration of precursors
during synthesis of the networks. The PEG-2000 solution was
totally clear, however the triethoxy silyl propyl urethane PEO-
2000 solution immediately clouded. The bis(triethoxy silyl
propyl urethane) PEG-2000 solution gradually became cloudy.
This suggested slower micelle formation kinetics in the bis-silyl
solution which was much less opaque than the mono-silyl
solution as shown in Fig. 3. This occurs in spite of there being
double the concentration of hydrophobic (triethoxy silyl propyl)
end groups in the bis-silyl solution. Opacity was also measured
at concentrations down to 33% by adding more water to the
polymer solutions and it was found that for all cases the pure
PEG solutions were totally clear and the other solutions were
opaque, reecting the amphiphilic nature of the precursors.
Micelle formation and self-assembled architecture in block
copolymers of the structure BnEmBn (where B represents a
hydrophobic block of poly(butylene oxide) and E represents a
hydrophilic PEG core) have been widely studied.35–37 It has been
shown that at high concentrations the micelles associate to
form bridged structures of the type shown in Fig. 2(b). This is
unique to BnEmBn structures and is the key to the crosslinking
reaction occurring in this system with the analogous bis-
(triethoxy silyl propyl urethane) hydrophobic chain ends and a
PEG core. To explain the lower opacity, it is believed that the
micelle formation is controlled mainly by the driving force of
Fig. 2 Schematic diagram of micelle formation of the reactive chain ends of the
amphiphilic mono- and bis-silyl precursors. (a) shows the mono-silyl solution
alone and (b) the mixed mono- and bis-silyl systems used to form the networks
with dangling chains (c) the mixed mono- and bis-silyl systems when looping
occurs.
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phase separation and by diffusion of the hydrophobic part of
the precursor through the connected micelles. The diffusion
becomes more restricted when one end of the precursor is
incorporated into a micelle and the other hydrophobic end
stays in the solution around the micelle in a coil shape.12–14 As a
result, the micelle slowly develops by an Ostwald ripening
mechanism.
The connectivity between micelles controls the nal network
properties. If both ends of one chain stay in the samemicelle [as
in Fig. 2(c)], the chance of network formation [as shown in
Fig. 2(b)] will be very low since intra-micelle looping can occur
instead of network connection.31 Loop and network micelle
formation can be more systematically studied by correlation
function decay in DLS. DLS is typically measured in a dilute
suspension or emulsion, to prevent or minimize multiple
scattering. However, a high concentration of polymer solution
was used in this case in order to probe micelle formation and
connection at concentrations very close to those used in the sol–
gel reaction. To minimize the multiple scattering effects at the
higher concentration, the positioning and attenuation were
automatically adjusted by the instrument soware and
measurements were performed in back scattering mode, which
also minimized multiple scattering. The correlation function
decays of neat PEG-2000, bis(triethoxy silyl propyl urethane)
PEG-2000 and triethoxy silyl propyl urethane PEO-2000 aqueous
solutions were compared at the same polymer concentration.
The DLS measurements were also performed at lower concen-
trations down to about 0.20 M which is dilute compared to the
original solutions.38
In DLS the correlation function decay is related to the
diffusion of the particles and micelles38–40 with smaller particles
showing a faster decay. According to Wu and Kjoniksen,38,41 the
decay or relaxation shis to a longer delay time (slower relaxa-
tion) when a polymer undergoes crosslinking. An individual
linear polymer chain in solution shows very fast relaxation,
reecting faster diffusion. At higher concentration, relaxation
becomes slower due to interaction between polymer chains.
This is reported by several research groups41–44 and was seen in
PEG-2000 solution in this research (Fig. 3). Both slow and fast
relaxations were dramatically shied to longer relaxation in
bis(triethoxy silyl propyl urethane) PEG and triethoxy silyl
propyl urethane PEO aqueous solutions compared to the PEG-
2000 solution. The decay in the bis-silyl solution was much
longer than the decay in the mono-silyl solution. This suggests
that the relaxation became slower as a result of connectivity
between micelles that acted as a pseudo-crosslink. The differ-
ence between relaxation times also shows that loop formation
[Fig. 2(c)] is very unlikely compared to formation of a network
connection [Fig. 2(b)] in the bis-silyl solution. If loop formation
was to occur in the bis-silyl precursor [Fig. 2(c)] the resulting
star arm length would be much shorter giving a lower hydro-
dynamic radius and a faster decay of the correlation function
compared to the linear mono-silyl precursor [Fig. 2(a)].
However, the opposite is seen (Fig. 3).
The reduction in light scattering (opacity) in bis (triethoxy
silyl propyl urethane) PEG solution compared to triethoxy silyl
propyl urethane PEO solution is consistent with a reduced size
and increased number of micelles, due to connectivity. The
hydrodynamic radius in bis(triethoxy silyl propyl urethane) PEG
solution could not be measured by DLS due to the three
dimensional connectivity between micelles.
The sol–gel reaction starts when hydrochloric acid (catalyst)
is introduced into the solution.33 Sufficient time was allowed for
phase separation between hydrophilic and hydrophobic
segments in both precursor solutions before starting the sol–gel
reaction, ensuring triethoxy silyl propyl groups in both (bis- and
mono-) precursors were concentrated inside the micelles so that
the dangling chain precursors were randomly distributed in the
aqueous solution through the micelles. The random distribu-
tion of dangling chains and the high conversion of precursor
leading to SSQ formation in the network are a result of the
connective micelle formation in aqueous solution of precursors.
Crosslink junction characterization with 29Si solid state NMR
Aer the sol–gel reaction, the network connectivity and
dangling chains were analyzed by both sol fraction45 and 29Si
solid-state NMR.22 In Fig. 4, 29Si NMR results show the SSQ
Fig. 3 Correlation function versus time and (inset) the visual opacity of 50 wt% aqueous solutions of: (I) PEG-2000, (II) bis(triethoxy silyl propyl urethane) PEG and (III)
triethoxy silyl propyl urethane PEO.
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structures (T0, T1, T2 and T3)22 with respect to Si–O connections
to the neighboring groups. There is no signal from T0 structure
in the networks, indicating that at least one hydrolysed silane in
every molecule has condensed. Further, in DC0 this means that
there are no dangling chains with uncondensed tri-silanol
chain ends. Only subtle change in the SSQ structures is seen
during the increase of triethoxy silyl propyl urethane PEO-2000
content. It appears that the reactivity differences between bis-
(triethoxy silyl propyl urethane) PEG-2000 and triethoxy silyl
propyl urethane PEO-2000 are negligible, since the SSQ forma-
tion occurs at the micelle surface. As shown in Table 1, the ratio
between Si (in alkoxysilane) and water decreases with the
increasing percentage of triethoxy silyl propyl urethane PEO-
2000. In acid-catalyzed sol–gel chemistry a change in the ratio
between Si and water changes the rate of the hydrolysis/
condensation reaction leading to a slight change in the ratio of
T3 to T2 structures. According to Brinker and Scherer,24 in acid-
catalyzed hydrolysis with a high ratio of Si to water (as in DC0),
the formed SSQ has a weakly branched structure. The silica
content of the original (DC0) network as SSQ [R–SiO1.5] was
previously reported by us22 as 5.4%. This compares well with a
theoretical content of 5.5 wt% from the molar ratio of SSQ to
PEG-2000 in the network.
The results in Fig. 4 show that T1 structures can only be seen
in DC0 and DC1 samples, indicating two unreacted Si–OH
groups in the SSQ. At higher ratios of the mono- to bis-silyl
precursor (DC5 to DC20) the T1 groups are not seen, indicating a
more complete hydrolysis and condensation reaction incorpo-
rating the dangling chains in the network. It is noted that a SSQ
network with no mono-triethoxy silane reagent (DC0) will
generally contain T1 groups22 so that at a concentration of 5%
and above, the more mobile mono-triethoxy silane reagent
effectively caps one of these groups during condensation. This
is strong evidence that the reagents are co-reacting and not
producing a network of star polymer (from the mono-silyl
precursor) embedded in a crosslinked network from the bis-silyl
precursor. There is still a high surface concentration of Si–OH
in the SSQ, as shown by the T2 peak intensity, so these struc-
tures are not equivalent to octahedral POSS (Polyhedral Oligo-
meric Silsesquioxane) which will show only T3 structures. In the
peaks for T2 structures a small shoulder appears on the side of
the peaks (56 to 54 ppm) with a decrease in the ratio of Si to
water while the peaks for T3 structures become a little broader.
These differences between the 29Si solid-state NMR results for
the SSQ domains in the networks with different dangling chains
are very small and are negligible when compared with the
changes from our previous study where the SSQ structures were
greatly altered by the sol–gel reaction conditions.22
Study of the crystal transition temperatures (SC-DSC) of dry
networks
The step crystallization DSC technique is a thermal fraction-
ation method where, at each step, isothermal crystallization
takes place and gives sufficient time for chains in both crys-
talline and amorphous regions to rearrange. Since the kinetics
of crystallization and the rate of cooling control the crystalline
structures, the chain packing in crystalline regions is a function
of the ability of chains (or segments of the chain) to crystallize at
specic temperatures. The most stable crystalline structures
need to have sufficient time to make a structure with fewer
defects and greater size.46 This is achieved in SC-DSC, whereas
in conventional DSC the crystallization process takes place
during temperature scanning and the rate of cooling has a great
effect on the melting point and the apparent degree of crystal-
linity. Thermal fractionation by SC-DSC allows chain heteroge-
neities to be recognized and provides reproducible conditions
to follow structural effects on the degree of crystallinity, both of
which are demonstrated here for the effects of dangling chain
concentration on the network structure.
As shown in Fig. 5, the minimum crystal transition temper-
ature was seen in the network with 0% dangling chains (DC0)
and the crystal transition temperatures increased systematically
in the networks from 0% to 20% dangling chains. All of these
peak endotherms were at a lower temperature than for the two
non-crosslinked samples: the parent polymer (PEG-2000),
which occurs at 52.9 C and a sample with 100% dangling
chains (DC100, star PEO) where Tm was 49.5 C.
The lowering of the crystal transition temperature indicates
that the crystallization process took place under constrained
conditions22,47–49 due to restriction of the mobility of the poly-
mer chains by the SSQ junctions. According to Hoffman,50
reptation is an important mechanism in the crystallization
process since it removes a chain from the entangled melt and
pulls it to the crystal growth front. However, in a chain that is
restricted between two crosslink junctions such reptation is no
longer possible, in spite of the motion of the exible PEG
Fig. 4 29Si solid-state NMR spectra showing the silsesquioxane (SSQ) cross-linker
structures (T structures, also defined above the NMR spectra) in networks with
different percentage of dangling chains.
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chain.51 The critical molecular weight for crystallization of PEG
in a network end-crosslinked using gamma radiation has been
reported as 1500 Da.52 Similarly, in a PEG network formed
from PEG-di-isocyanate crosslinked through b-cyclodextrin,
crystallinity could be detected at all crosslinker concentrations
only for Mw > 1350 Da.53 Chain exibility can also be compro-
mised by any interaction between chains lying between two
junctions. During crystallization, these chains undergo an
excessive tension due to packing in a crystalline region that
forces both ends to be closer together (resulting in shrinkage).
The crystalline morphology developed by PEG depends on the
molecular weight54,55 and it has been shown that for 1350 Da <
Mw < 4000 Da this is an extended chain conformation. It would
therefore be expected that the PEG crosslinks that crystallize in
our networks would also be in an extended chain conformation,
rather than the folded structure seen in PEO of higher molec-
ular weight (>4000 Da). In SC-DSC, the PEG chains in an
extended chain conformation will give only a single melt
endotherm in contrast to the fractionation into different
lamellae lengths as seen in polyolens such as linear low
density polyethylene, where multiple melt peaks are seen due to
the different lamellae thicknesses arising from different meth-
ylene sequence lengths between short chain branches.46
In contrast to a PEG chain incorporated in a crosslink, a
dangling PEO chain can undergo reptation via the free end12
and will be under less constraint. The effect of changes in the
percentage of dangling chains on the crystallization process and
ultimately on the crystallinity can be investigated by further
analysis of the SC-DSC scans (Fig. 5). The constraints of a
crosslink can change the crystalline structure and size from the
more perfect and larger crystallites in the neat PEG-2000 (Tm ¼
52.9 C) to a less perfect crystalline structure with smaller
domains. The melting point (of a linear semi-crystalline poly-
mer) and the crystal transition temperature (of an end-linked
semi-crystalline polymer network as shown here) are affected by
the crystallite size.56 Among the networks with different
concentrations of dangling chains, it is expected that the
network with the most stable crystalline structure would show
the highest crystal transition temperature.
The crystal transition temperature progressively shis
toward the neat PEG-2000 which is fully free at both chain ends.
As 29Si solid-state NMR results showed (Fig. 4) no T0 groups are
seen, indicating all silane groups were reacted to form SSQ
crosslink junctions or dangling chains so the number of
dangling chains is precisely known from the concentration of
mono-silyl precursor. As shown in Fig. 6, the shi of the crystal
transition temperature compared to the Tm in neat PEG-2000
(52.9 C) gave a linear relationship with the number of dangling
chains for all except the sample with 100% dangling chains. The
crystalline morphology of a similar star system to DC100 but
based on PEO-2000 with a hydrophobic organic core57 shows
important similarities. From SAXS and WAXD proles of the
crystallization and melt processes it was concluded that the
crystalline PEO arms were all on the one side of the star and
the amorphous region consisted of a double layer of the
hydrophobic core and amorphous PEO connecting to these
arms.57 The number of arms connected to the core is unknown
Fig. 5 SC-DSC of dry PEG-2000–SSQ networks with 0 to 20% of dangling chains, 100% dangling chains and PEG-2000.
Fig. 6 The linear relationship between the crystal transition temperature shift
for the SSQ crosslinked PEG network from the parent PEG-2000 (TPEG–TNetwork)
against the percentage of dangling chains in the network. Note that the point for
DC100 (D) lies off this line.
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in our system but a limit can be determined from the GPC
obtained of the DC100 sample of around 4 to 5 arms for the
lowest MW peak (see Fig. SI 1 and discussion in ESI†). In
addition, the melt prole of the PEO is very similar to the four
armed star.57 When the monosilyl group is co-reacted into the
network to give samples DC1 to DC20, there is no evidence for
the formation of separate sub-structure due to small amounts of
pure star polymer. The number of dangling chains per SSQ
network connection is, on average, given by half of the
concentration ratio of mono- to bis-silyl precursor.
It is apparent in Fig. 5 that the endotherm in DC20 contains
two overlapping peaks. This network contains the highest
fraction of dangling chains and may indicate that two different
crystalline regions with different connectivity have been formed
during the step crystallization process. At this concentration of
added mono-silyl precursor the star polymer may form in
addition to the co-reacted system but as it is water soluble
would be removed as part of the sol fraction (which in these
systems is less than 0.8% as shown in Table 2).
The percentage crystallinity (Xc) of the networks was deter-
mined from the heat of fusion of PEG fraction of the networks
(DHf) as measured with SC-DSC:
Xc ¼ 100  DHf/DH0f (1)
where DH0f ¼ 205 J g1 is the heat of fusion of 100% crystalline
PEG.58 The percent crystallinity shows an almost linear increase
with the percentage of dangling chains in the networks (Fig. 7). It
is noted that the measured enthalpy of fusion for PEG-2000 was
183.4 J g1 corresponding to a degree of crystallinity of the
unconstrained chains of 89.5%. The results show that by
increasing the number of dangling chains the crystallization
process shis to the thermodynamic state that is able to generate
the crystalline regions with large size and fewer defects.
The degree of crystallinity in DC100 (Star PEO) that was
made from pure triethoxy silyl propyl urethane PEO is 53.6%.
On crystallization the PEO chains in DC100 have one end of the
polymer chain anchored on the SSQ core resulting in a lower
degree of crystallinity than in a linear PEG. This was also
reported by Mya et al.59 for the eight arms star PEO-2000 with
POSS as a core where both the melting temperature and the
degree of crystallinity shied to lower temperature compared to
PEG-2000.59,60
The network crystallinity can be affected by both network
junctions (SSQ junctions) and the dangling chains. To assess
only the effect of the dangling chain fraction on crystallinity, the
contribution of SSQ junctions to the crystallinity needs to be
eliminated.
Sample DC0 has no dangling chains so the enthalpy of
fusion, DHf,DC0, can be used to calculate the enthalpy of fusion
of the pure SSQ fraction in the networks (DHf,SSQ) for each
concentration of dangling chains:
DHf ;SSQ ¼ DHf ;DC0ð1DFÞ (2)
where DF is the fraction of dangling chains in the networks
(ranging from 0.01 to 0.2). From DHf,SSQ, the percentage of
crystallinity attributed to the dangling chain fraction (%CDF)
can be calculated:
%CDF ¼ 100 DHf  DHf ;SSQ
DH0f
(3)
When this correction is applied as shown in Fig. 7, the
contribution of dangling chains to the crystallinity is negligible.
In other words, the effects of the network junctions during
crystallization are much greater than any direct effects of
dangling chains on the process. Therefore, the observed
increases of crystallinity with increased dangling chain concen-
tration are only due to the lowering of the network connectivity.
It is interesting to compare the values of the melt tempera-
ture and degree of crystallinity in these networks with those
reported by Qiao et al.52 They note that for end-linked PEG ofMw
1500 Da the crystallinity developed was 27.3% and a maximum
in the melt endotherm was observed at 27 C. In this study of
PEG networks with a precursor molecular weight of 2000 Da,
the corresponding values were 27.7% and 22.5 C, respectively.
The constraints on the crystallization of the SSQ networks are
thus somewhat higher than other systems such as free-radical
crosslinked systems. This is most marked when the swelling of
the networks is measured.
Swelling in the networks with different fractions of dangling
chains
Swelling measurements have been performed in water to
determine the impact of differences in dangling chain
Table 2 The sol fraction and percentage swelling at equilibrium in water for all
PEG networks studied
Dangling chain % Sol fraction Swelling %
DC0 0 0.4% 149
DC1 1 0.4% 152
DC5 5 0.5% 159
DC10 10 0.5% 169
DC15 15 0.8% 172
DC20 20 0.8% 176
Fig. 7 The percentage crystallinity (from DHf) in the SSQ crosslinked PEG
networks with different percentage of dangling chains and the percentage
crystallinity attributed to the dangling chain fraction that was calculated from
eqn (3).
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concentration on network connectivity and mesh sizes of the
crosslinked networks. Water as a swelling agent is a relatively
good solvent for the PEG networks at room temperature (20 to
25 C) reecting the hydrogen bonding. The resulting high
negative enthalpy of mixing is sufficient to dissociate the crys-
talline regions at room temperature.
Before measuring the percentage of swelling in water, the sol
fractions of all the PEG networks were measured to determine
the presence and amount of any precursor not attached to the
network. As shown in Table 2, the sol fraction in the networks
DC0 to DC20 ranged from 0.4% to 0.8%. These low values
conrm both the stability of the networks and the high
conversion of precursor to SSQ crosslinker through the sol–gel
reaction. This is believed to be due to the formation of inter-
connected micelles prior to the hydrolysis reaction (Fig. 2(b)) so
diffusion control does not occur since only a pseudo-crosslink
has formed. This is to be contrasted to free radical networks
where the incorporation of monofunctional additives resulted
in a high sol fraction and uncertainty in the network structure.21
The sol–gel method produces almost 100% gel and a well-
dened connectivity as shown by 29Si NMR.
It is possible that the small change in sol fraction in Table 2
with increased monofunctional precursor is due to an impurity
in the startingmaterial. Alternatively, there may be an increased
possibility of unconnected micelles and looping (Fig. 2(c)) so
the sol fraction increases from DC0 to DC20. For example
DC100 is water soluble so any unconnected micelles will result
in a water-extractable star PEO–SSQ.
The results in Table 2 also show the equilibrium swelling in
water increases with the percentage of dangling chains in the
SSQ networks. From samples DC0 to DC20 the swelling
increased from 149% to 176% as the dangling chain concen-
tration increased from 0% to 20%. This is because the
connectivity between crosslink junctions became lower when
the number of dangling chains increased. As a result, the SSQ
with lowest connectivity (DC20) undergoes a lower elastic
deformation force during the swelling process61–63 compared to
the other networks with lower percentages of dangling chains.
This is consistent with the results seen in SC-DSC. The highest
degree of freedom in segment movement in DC20 facilitates the
packing process in crystallization of the dry network and, in the
hydrogel, also helps to accommodate more water molecules
before reaching equilibrium. Based on 29Si-NMR results, the
difference between SSQ structures in different networks is
negligible, which means that the swelling was altered by
changes to connectivity that can be controlled by the concen-
tration of dangling chains. It should be noted however that
these are tightly crosslinked networks compared to other end-
linked PEG hydrogels with chains of similar length. In a
network formed from PEG–di-isocyanate (PEG Mw 1350 Da)
crosslinked through b-cyclodextrin,53 the swelling was reported
as 690%, and in a network formed from PEG–di-methacrylate
(PEGMw 1500 Da)52 the swelling in water was 320%. In these two
networks swelling percentages are higher compared to all DC0
to DC20 networks, although both had a slightly lower MW
between crosslinks compared to the sol–gel networks (PEG Mw
2000 Da).
Conclusions
The well-controlled number of dangling chains that can be
incorporated into a silsesquioxane (SSQ) crosslinked PEG
network by using a sol–gel route with a bis(triethoxy silyl propyl
urethane) PEG precursor and a known amount of the triethoxy
silyl propyl urethane PEO precursor of the same molecular
weight, has enabled a simple linear relation to be recognized
between the melting behavior of the PEG crystals (formed in the
dried network in an extended chain conformation) and the
concentration of dangling chains. This relationship is seen in
both the shi in the melt endothermmaximum, and the degree
of crystallinity, as measured by SC-DSC. The structure of the
SSQ junctions is shown by 29Si NMR to be largely independent
of the dangling chain concentration.
The control of the network structure is in part due to inter-
connected micelle formation during sol–gel synthesis, which
results in effective condensation of the silane precursors and a
high connectivity. The micelle formation and connectivity was
seen in DLS measurements where the correlation function
decay in bis(triethoxy silyl propyl urethane) PEG aqueous solu-
tion is slower than the decay in triethoxy silyl propyl urethane
PEO aqueous solution.
The resulting SSQ network has a high connectivity and a
resulting low degree of swelling in water, compared to other types
of crosslinked PEG network such as those from PEG precursors of
similar chain length. The increased degree of freedom in segment
movement in the SSQ crosslinked network on the addition of
dangling chains facilitates the packing process in crystallization
of the dry network and, in the hydrogel, helps to accommodate
more water molecules before reaching equilibrium.
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